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Abstract 
The present work provides a detailed analysis of already published reports on the observation of an anomalous force 
in a vacuum associated with vacuum sparks in asymmetric capacitors charged with “constant” high voltages. Known 
experimental details of these experiments are put forward and propulsion performance is compared with the only 
known propulsion system known to exist in a vacuum associated with sparks: the vacuum arc thruster (VAT). VAT’s 
are known for decades and work on principles of momentum conservation. They vaporize particles from the 
electrodes themselves through a high spark current in one direction in order to develop a thrust in the opposite 
direction. However, the known performance trend for these thrusters does not account for the vacuum spark force 
values published by NASA. Furthermore, they have not observed the electrode erosion usually associated with VAT 
operation, even after extended testing. Therefore it is possible that a new propulsion mechanism might be at work, but 
that should be verified and confirmed experimentally in the future in order to resolve the question. 
PACS: 52.80.Mg, 52.75.Di, 52.25.Jm 
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1. Introduction 
 Talley [1] and NASA [2, 3] have provided the only known reports depicting the observation of an 
anomalous force in a vacuum (10-5 Torr) associated with pulsed discharges or breakdowns. More recently 
however, it came to our attention that a new report was published on the internet [4] regarding the 
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experiments Townsend Brown made in Paris from 1955 to 1959, both in the atmosphere and in a vacuum. 
This report was made available by mister Cornillon (deceased in 2008) who collaborated with Brown at 
the time of these efforts in France. In this report they also observe anomalous forces in vacuum associated 
with sparks, so it will also be included here for analysis. Discharges in a vacuum are already used for 
decades in order to achieve propulsion [5 – 7], as the already well known Vacuum Arc Thrusters (VAT’s) 
attest. VAT’s have arc currents from tens of amperes to many kA, a pulse rate between 50-100 Hz or 
more, pulse lengths from a few microseconds and upwards, a lifetime of 106 operating cycles (or sparks), 
and is generally tested at pressures between 1 × 10-4 to 2 × 10-5 Torr or lower. According to Lun [8] and 
Rysanek [9] the pulse circuit of the VAT uses two separate circuits: one trigger circuit to initiate the arc 
(~3 kV, 1 mA, nanosecond pulse), and a second arc circuit to deliver a low voltage (20-30V), medium 
current (100-200A), long pulse (10-300 µs) for the vacuum arc itself. 
2. Talley’s Experiment 
In Talley’s setup (Figure 1), the ball is made of Aluminum with 1.27 cm diameter, the plate is brass 
with 7.93 cm diameter and 0.38 mm thickness, and the dielectric is lead titanate – lead zirconate 
piezoelectric with a dielectric constant of 1750 and 0.635 cm in diameter and 1.61 cm in thickness. 
Dielectric
Figure 1. Side view of Device 2C used by Talley. 
 In Talley’s experiment [1] the ball is at ground potential and the plate is at positive potential. 
Anomalous tests 81 and 82 were made respectively at 5.9 × 10-5 and 1.0 × 10-5 Torr. He used a constant 
high voltage and detected pulsed breakdowns which induced both positive and negative pendulum 
displacements,  although the displacement was generally in the positive direction, directed from the ball 
to the plate, when the voltage was higher (19 kV). According to Talley the anomalous force was 
associated with electrical breakdowns between the electrodes over the ferroelectric dielectric (PZT) 
surface which has a very large dielectric constant (1750) and has a strong ability to emit in cathodes [10 – 
13]. This force increased with the rate of breakdown pulsing, which were no more than a few pulses per 
second. The magnitude of the current pulses could reach up to 1 mA. It is not clear if the negative 
displacements he observed are associated with a spark or occur when the capacitor is charging. 
Unfortunately Talley only provided displacement graphs for these tests and not the associated force 
measurements. In the future it would be needed to correlate measured displacements and forces with 
corresponding charge and discharge currents and voltages in order to observe exactly what happens when 
a force is created, and in which direction it is created. Talley should also have provided the details of any 
erosion and weight changes after effects on the electrodes and dielectric with continued use. These details 
would help determine the origin of the propulsive force.  
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3. NASA’S Experiment 
 All NASA’s [2] tested devices were designed with a gap of 2.5 inches (6.35 cm) between copper 
electrodes, which is just large enough to prevent arcing at atmospheric pressure for voltages equivalent to 
the largest applied voltage of 50 kV. Unfortunately they have not provided any electrode dimensions, or 
dielectric material composition. They mention however the use of metallic rounded collar’s around the 
electrodes in Devices 3 and 4, which have an inner radius of 1.6 cm. Therefore the disk and cylinder 
electrodes should have a diameter near the 3.0 to 3.2 cm mark. Since the rotating assembly and 
surrounding structure were made almost exclusively of Lexan (which has a dielectric constant of 2.9) it is 
possible that they also used this dielectric for Device 2 (as demonstrated by the supplied picture of the 
device [2]), which was the only one to demonstrate a performance while in a vacuum.  
 According to the NASA report: “After several days of tests, we found that no device showed signs of 
rotation at a pressure less than 300 Torr, with one exception. When Device 2 wired according to Circuit A 
was placed in the chamber and immediately pumped down to a pressure of 5.5 × 10-5 Torr, something 
interesting happened. The voltage on it was increased to 44 kV, and through the viewing port a large arc 
was observed. At that same moment, the device was seen to move about an eighth of a rotation and stop.”  
 Although they don’t explicit the direction of the observed force in this case, it is assumed that it is 
from the cylinder to the disk electrode, since they state this for the operation in air and reference every 
observed exception (even though the force direction is implicit they should have made it explicit in order 
to dissipate any doubts regarding this matter). In page 8 of their report they initially attribute this “slight 
one time movement” to material being ejected from the electrodes (copper on the plates or impurities like 
adsorbed water vapor). But on page 10, their own calculations contradict their initial assumption. Since 
the observed force associated with each discharge is on the order of 0.014 N, and the smaller electrode 
(disk) had a weight of 0.005 kg, they conclude that this electrode would have been ablated 10 times in one 
hour of continuous testing. In their own words: 
 “As no signs of degradation of the electrode were visible, even after repeated testing, this mechanism 
cannot be occurring on this scale or creating a large portion of the force produced. Thus, we conclude that 
removal by heat due to events such as sparks cannot explain an appreciable part of the forces that were 
observed during steady state operation.” 
Electrodes
Dielectric
Figure 2. Device configuration 2 with electric wiring configuration A. 
 One important point to take on here is that it’s not about a “slight one time movement” but that it is 
reproducible on demand with observations taken over at least one hour of testing in these conditions. 
Although the smaller positive electrode (the anode disk) is not visibly eroded, the adjacent dielectric 
should also be observed for any erosion since it is in the discharge path between the electrodes. It is also 
strange that they didn’t mention any erosion of the cathode electrode (the large cylinder) since usually 
this is the main electrode to be eroded in VAT’s [14 – 16]. 
 A similar report delivered to the AIAA [3] didn’t mention this last and important detail regarding 
their calculations and the observed lack of erosion of the electrodes after extended testing, which excludes 
an ion type of propulsion mechanism related to the observed breakdowns. Therefore, according to them 
(Canning, Melcher, and Winet, 2004), ejected material from the electrodes is not responsible for the 
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observed thrust. Then it may be asked, what is? Before answering this question the experimental 
observations of NASA and Talley must be confirmed. Only after this secure confirmation would it be 
worthwhile the effort to explain any possible new propulsion mechanism.
4. Paris’s Vacuum Experiment 
 As it was mentioned in the introduction, a new report was published on the internet [4] regarding the 
experiments Townsend Brown made in Paris from 1955 to 1959, in the atmosphere and in a vacuum. 
Here, it will only be mentioned one relevant case which is equivalent to the NASA experiment, and 
therefore useful for comparison purposes. 
Electrodes
Figure 3. Asymmetric capacitor tested in vacuum. 
 Figure 3 shows the asymmetric capacitor tested in vacuum in 1957 as described in annex 3.3.4.1. 
from the Montgolfier Project Report [4]. The electrode at ground potential is an aluminum disc with 75 
mm in diameter and 5 mm thickness. The wire or positive electrode is bronze with a diameter of 0.6 mm. 
The distance between the two electrodes varies between 2 and 5 cm, and the experiment was done 
between 2 and 5 × 10-5 Torr. They have tried different wiring configurations but when the wire is positive 
and the disc is at ground potential they observe that a strong movement from the ground to positive 
always occurs when a spark discharge appears between the electrodes. In this case they needed to apply at 
least 70 kV to get a discharge. If the polarity applied to the electrodes is inverted (plus on the disc and 
ground in the wire) they observe movement from ground to plus again but without needing a spark. 
Whenever a spark occurs they observe a very sharp movement towards the positive electrode. In this case 
they have measured a current between 2 and 4 µA for an applied voltage of 40 kV, and a rotation velocity 
of 2 turns per second, which corresponded approximately to a velocity of 2 m/s. 
5. Analysis Of The Different Experiments 
 According to the NASA report [2] they have not observed any force bellow the pressure of 300 Torr, 
with the exception of the spark force at 5.5 × 10-5 Torr. The Montgolfier Project Report [4] also states in 
annex 3.3.4.2. that no force was observed when the pressure was between 10-3 Torr and 250 Torr. Our 
own experiments also confirm that no force is produced between 10-2 Torr and 250 Torr (unfortunately 
our system couldn’t get lower pressures), simply because no voltage or current could be applied to the 
capacitor due to the fact that for these pressures the pd values are near to the minimum of the Paschen 
curve were the gas is most conductive, and therefore the capacitor is basically always short-circuited. 
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Figure 4. Paschen curve for air. 
 Although not mentioned in these reports it is well known by the Paschen law that the disruption 
voltage between two electrodes varies with pressure. According to the Paschen equation [17] the 
breakdown voltage Vb between two electrodes can be written has: 
                                                                      
,
)ln( kpd
Bpd
Vb 
                                                                 (1) 
Where k is: 
                                                                    > @ ./11ln/ln J Ak                                                            (2) 
 In these equations p is the gas pressure, d is the distance between electrodes, J is the secondary 
ionization coefficient, A is the saturation ionization in the gas at a particular E/p (electric stress/pressure) 
and B is related to the excitation and ionization energies. For air, the experimentally determined values 
for A (cm-1Torr-1) and B (V cm-1Torr-1) are respectfully 15 and 365; and the value of J is 0.01. Figure 4 
shows the Paschen curve for air, were it can be observed how the discharge voltage between electrodes in 
a vacuum varies with the pressure and electrode separation. 
 Table I summarizes the pd and other relevant experimental values for each case report. Although the 
Paschen curve is good in order to see the trend of the spark discharge value with pd, it is known to need 
adjustment for lower pressures (pd values) to the left of its minimum [18, 19]. This is also confirmed by 
Talley’s and NASA’s low spark values for pressures around 10-5 Torr, which according to the Paschen 
curve should be well above 100 kV. This may also be due, in part, to the fact that the Paschen curve is for 
electrodes separated by a vacuum, and in most our cases they have a dielectric in between. Supporting 
this last view is the fact that NASA’s device similar to Device 2, but without a dielectric in between 
(Device 1), supposedly didn’t generate any spark or movement in a vacuum. Certainly, this configuration 
needed a higher voltage in order to generate a spark, just like occurred in the Paris experiment where 70 
kV was needed to get a spark (they had no dielectric between the electrodes). The use of a dielectric 
favors charge accumulation between the electrodes, making it possible for the spark discharge to occur at 
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lower voltages (44 kV for NASA and 19 kV for Talley).  The direction of the propulsion force observed 
by Talley, NASA and the usual VAT is shown in Figure 5 (the electrodes are in black, and the dielectrics 
are in white).  
Table I. Summary of relevant experimental values in the referred reports. 
Setup
Electrode
distance (cm) 
Pressure (Torr) pd (cm Torr) Spark potential (kV) 
Talley’s Test 81 1.61 5.9 × 10-5 9.49 × 10-6 19 
Talley’s Test 82 1.61 1.0 × 10-5 1.61 × 10-6 19 
NASA 6.35 5.5 × 10-5 34.93 × 10-5 44 
Paris 5.00 5.0 × 10-5 25.00 × 10-5 70 
 It is strange that both Talley and NASA didn’t mention the decades known vacuum arc thrusters 
(VAT’s) in relation to the observed forces in vacuum related to arcs, giving space to doubts on a possible 
new propulsion mechanism. A simple experiment that can dissipate initial doubts regarding anomalous 
propulsion is to verify if the observed force direction is opposed to the spark direction or not. If the force 
is opposed to the spark (Figure 5. c)) then it should eventually conform to VAT standards (Figure 5. e)) of 
mechanical momentum conservation. Since in the mentioned NASA report they are worried about anode 
ablation they must have observed the spark hitting the electrode directly, just like represented in Figures 
5. b) and c). This means that moment transmission can happen in two different ways: 1) when the cathode 
ejects material to the left, and 2) when this material hits the anode from left to right; where both are 
generating a force to the right. This situation is what is expected to find considering regular momentum 
conservation laws, and could eventually represent a higher efficient VAT. Therefore NASA’s observation 
of no electrode erosion is a mystery. If the force is in the same direction as the spark like occurs in the 
Paris experiment (Figure 5. d)) and apparently like occurs also in the NASA experiment (Figure 5. b)) 
then a very different propulsion mechanism is implied. 
 Considering the discharge from the ground to the positive electrode in Talley’s experiment, any 
particles or mechanical momentum emitted by the small ball (ground) or adjoining piezoelectric dielectric 
are absorbed or stopped at the positive electrode (high diameter disk) therefore no resultant mechanical 
momentum should be produced at all, within the mechanical momentum conservation approach. This 
could however explain small oscillations due to the time gap between material emission and posterior 
collision with the other electrode. 
 As was said before, the observed force associated with each spark event in a vacuum for Device 2A 
was on the order of 0.014 N [2]. To put this value into perspective let’s remind us that the observed force 
for one of the best performing setups (Device 4A) at atmospheric pressure was 0.028 N while spinning at 
128 RPM in air at 700 Torr [3]. Therefore the measured force associated with each spark in a vacuum is 
just half of the force observed at atmospheric pressure, if the values given by these reports are to be 
trusted.  
 Polk et al. [20] have reported on the highest possible theoretical VAT performance, according to the 
electrode material, as between 1.14 to 6.13 mN for pulsed discharges at 10A. According to Lun [8] the 
average directly measured thrust for a general VAT, without any external magnetic fields, generally 
increases linearly with the arc current (< 400 A) according roughly to 140 µN/A. Since NASA has not 
provided any spark current peak values or signal shapes, Talley’s value of 1 mA for the magnitude of the 
current pulses in vacuum discharges of similar potentials has to be used. Using this current value on the 
VAT thrust trend would provide us with a thrust of 140 nN, which is much smaller than the observed 
value of 0.014 N provided by NASA. Even if the NASA setup produced a pulse discharge of 10 A, then 
the corresponding VAT force would be around 1.4 mN instead of the observed 14 mN (which in VAT 
principles corresponds to a discharge of 100 A).  
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Figure 5. Force direction observed in a vacuum for: a) Talley’s experiment, b) NASA experiment first hypothesis, c) NASA 
experiment second hypothesis, d) Paris experiment, e) known VAT. 
 According to NASA specs for their high voltage source [3], they have introduced a limiting 
resistance (RLIM) of 10 M: between the power supply and the capacitor in order to limit the current 
flowing through the circuit for safety purposes. Since the power supply’s maximum voltage was rated at 
50 kV, then the maximum current permissible would be 5 mA, corresponding to a maximum power of 
250 W (in air operation the capacitor consumed around 6.7 watts). Therefore, when a spark occurs the 
capacitor is discharging through a resistance of high value, which limits the maximum peak current that 
the sparks could have to 5 mA. Given these observations, it is difficult to understand how the NASA 
capacitor could generate such a high force with the low currents involved. Even in the extreme case that 
the NASA setup could generate eventually the necessary currents of 100 A to explain the observed thrust, 
these would undoubtedly induce a marked erosion in the electrodes after repeated testing [14]. Since these 
erosion marks were not observed, this can only mean that the generated currents were really extremely 
small (mA). According to VAT principles, the force generated by a 5 mA current would be 0.7 µN, which 
is much lower than the observed 14 mN or 14000 µN (which is 20000 times higher than 0.7), therefore 
the observed force in a vacuum cannot have its roots in VAT momentum formulations. All this is very 
interesting but certainly very serious scientific measurements need to be made on these setups in order to 
clarify what is really going on here. 
6. Conclusions 
 From the considered reports, Talley’s is the most dubious due to the force being generated in two 
opposite directions. In the Paris and NASA reports the spark force is in one direction and apparently from 
the ground to the positive electrode. Since the force is related to the spark, it should work both on 
symmetric and asymmetric capacitors. This force is not related to the possible piezoelectric nature of the 
dielectric since in the NASA experiment they apparently used Lexan and in the Paris experiments there 
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was no dielectric. The analysis of the NASA reports allows one to conclude clearly that the observed 
force cannot be explained by regular momentum conservation. The Paris report also allows one to 
conclude that this represents a new propulsion system due to the force towards the positive electrode and 
the measured current in the µA for an applied voltage of 40 kV which induced a velocity of 
approximately 2 m/s in vacuum. 
 When this article was started, the purpose was to identify if this spark interaction represented a new 
propulsion mechanism or not. Based on our analysis, there are interesting and positive first indications for 
a possible new propulsion mechanism which should be confirmed and substantiated further by new 
measurements on these types of capacitors in order to fill the information gaps left by the Talley, NASA 
and Paris reports. These new experiments should be done at pressures of 10-5 Torr or lower in order to 
avoid the pressure range where the gas is most conductive and therefore not prone to spark discharge. 
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